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Investigations of the micro- and nanostructures and chemical composition of the sponge skeletons as examples for natural struc-
tural biocomposites are of fundamental scientiﬁc relevance. Recently, we show that some demosponges (Verongula gigantea,
Aplysina sp.) and glass sponges (Farrea occa, Euplectella aspergillum) possess chitin as a component of their skeletons. The main
practical approach we used for chitin isolation was based on alkali treatment of corresponding external layers of spicules sponge
material with the aim of obtaining alkali-resistant compounds for detailed analysis. Here, we present a detailed study of the struc-
tural and physicochemical properties of spicules of the glass sponge Rossella ﬁbulata. The structural similarity of chitin derived
from this sponge to invertebrate alpha chitin has been conﬁrmed by us unambiguously using physicochemical and biochemical
methods. This is the ﬁrst report of a silica-chitin composite biomaterial found in Rossella species. Finally, the present work includes
a discussion related to strategies for the practical application of silica-chitin-based composites as biomaterials.
Copyright © 2008 Hermann Ehrlich et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
This is the second paper on naturally occurring silica-based
biocomposites of sponges origin. The initial paper [1]s t u d -
ied the presence of ﬁbrillar collagen as a component of glassy
anchoring spicule of Monorphaphis sp. glass sponge.
Biocomposites of marine origin including sponge skele-
talformationsareaconstantsourceofinspirationforﬁnding
solutionstoavarietyoftechnicalchallengesinbionics,archi-
tecture, optics, engineering, as well as materials science and
biomedicine (reviewed in [2, 3]). The biomimetic potential
of marine sponges seems to be a goldmine to material scien-
tists. Several main aspects relating to sponges as biomaterials
and biocomposites are recently described as follows [3]:
(i) hexactinellid spicules as natural glass-based compos-
ites with speciﬁc mechanical properties [4, 5];
(ii) skeleton of Euplectella sp. (Hexactinellida) as a hierar-
chical natural structural material of remarkable design
[6, 7];
(iii) basal spicules of Hexactinellida as biological glass
ﬁ b e r sw i t hs p e c i ﬁ co p t i c a lp r o p e r t i e s[ 8–10];
(iv) silicatein-based biocatalitic formation of nanocom-
posite materials (reviewed in [11]);
(v) biomimeticallyinspired hybridmaterialsbasedonsili-
ciﬁed sponge collagen [12–14].
In case of hexactinellid spicules, it is reported that they
are highly ﬂexible and tough, possibly not only because of
their layered structure and the hydrated nature of the sil-
ica as suggested earlier [15], but of the presence of collagen
[16]o rc h i t i n[ 17]. According to paleontological and molec-
ular data, the sponge class Hexactinellida may be the oldest2 Journal of Nanomaterials
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Figure 1: Highly ﬂexible spicules of marine glass sponge Rossella ﬁbulata (a). Pieces of clean spicules were placed in deionized water and
disrupted using magnet stirrer. Visual observations show that the water solution became of a milky color typical for colloidal suspensions
of silica (b). Silica nanoparticles are associated around oriented organic matrix of nanoﬁbrillar nature (c). Transparent hard glassy spheres
were obtained using this fraction of colloidal suspension after dropping into 99% TMOS solution at room temperature (d).
metazoan taxon in earth’s history [18, 19]. Recently, we sug-
gested that silica-chitin scaﬀolds may be key templates for
skeleton formation also in ancestral unicellular organisms,
rather than silica-protein composites [17]. From this point
of view, we hypothesized that chitin molecules are probably
part of very old organic template system involved in a biosili-
ciﬁcation phenomenon, which was established a long time
before the origin of glass sponges and collagen as structural
protein with respect to high templating activity for biomin-
eralization.
The objective of the current study was to test the hypoth-
esis that chitin is an essential component of the silica spicules
of Antarctic glass sponge Rossella ﬁbulata (Figure 1(a))a s
well, and if so, to unravel its involvement in the mechan-
ical behavior of these spicules. Nanomechanical proper-
ties, nanohardness and elastic modulus, of a closely related
sponge Rossella racovitzea were determined previously by us-
ing a vertical indentation system attached to an atomic force
microscope [15]T h eRossella spicules, known to have op-
tical wave conduction properties, are 10–20cm long with a
circular cross-section of diameter 200–600μm. The spicules
are composed of 2–10μm-thick layers of siliceous material
that has no detectable crystallinity. Measurements through
the thickness of the spicules indicated uniform properties re-
gardless of layering. Both the elastic modulus and nanohard-
ness values of the spicules are about half of that of either
fused silica or commercial glass optical ﬁbers. The fracture
strength and fracture energy of the spicules, determined by
3-point bend tests, are several times those of silica rods of
similar diameter. The spicules oﬀer bioinspired lessons for
potential biomimetic design of optical ﬁbers with long-term
durability that could potentially be fabricated at room tem-
perature in aqueous solutions [8]. Unfortunately, the nature
and origin of organic matrix were not investigated in these
pioneering studies.
We decided also to re-examine the results of some previ-
ously reported studies concerning the presence of polysac-
charides within silica-containing spicules of another hex-
actinellid sponge. For example, Travis et al. [20] reported the
presence of parallel-oriented cellulose-like ﬁlaments with an
average width of 1.9nm observed in organic matrix material
after HF-based desiliciﬁcation of the spicules of hexactinel-
lid Euplectella sp. These matrices also contain considerable
amounts of hexosamine.
Inthisstudy,weperformedstructural,spectroscopic,and
biochemical analysis of organic matrix isolated from spicules
of R. ﬁbulata. Finally, the present work includes a discussion
relating to strategies for the practical application of silica-
chitin-andsilica-N-acethylglucosamine(NAG)-basedcom-
posites as biomaterials.
2. EXPERIMENTAL
2.1. Chemicaletchingofglassspongeskeletons
The object of our study was Rossella ﬁbulata Schulze & Kirk-
patrick, 1910 (Hexactinellida: Porifera), collected in 2005 in
the Scotia Sea, Antarctic, at a depth of 200 m.
Spicules of R. ﬁbulata were treated according to the fol-
lowing procedure. Sponge material of R. ﬁbulata was stored
for several days in fresh sea-water. The sponge was dried af-
terwards for 4 days at 45◦C. Finally, the sponge skeleton was
cleaned in 10% H2O2 and dried again at 45◦C. Tissue-free
driedspongematerialwaswashedthreetimesindistilledwa-
ter, cut into 3cm long pieces and placed in a solution con-
taining puriﬁed Clostridium histolyticum collagenase (Sigma
Aldrich, Saint Louis, USA) to digest any possible collagen
contamination of exogenous nature. After incubation for 24
hours at 15◦C, the pieces of glass sponge skeleton were again
washed three times in distilled water, dried, and placed in a
15mL vessel containing chitinase solution (as described be-
low) to digest any possible exogenous chitin contaminations.
After incubation for 48 hours at 25◦C, fragments of skeleton
were again washed, dried, and placed in 10mL plastic vessel
containing 8mL 2.5M NaOH solution. The vessel was cov-
ered and placed under thermostatic conditions at 37◦C with-
out shaking.
The eﬀectiveness of the alkali etching was also moni-
tored using optical and scanning electron microscopy (SEM)
at diﬀerent locations along the length of the spicular ma-
terial and within the cross-sectional area. The colourless
alkali-insoluble material obtained after alkali treatment of
the glass sponge samples was washed with distilled water ﬁve
times and ﬁnally dialysed against deionized water on RothHermann Ehrlich et al. 3
(Germany) membranes with a MWCO of 14kDa. Dialysis
was performed for 5 days at 4◦C. The dialyzed material was
dried at room temperature and used for structural and ana-
lytical investigations.
2.2. Developmentofthesilicananoparticular
fractionusingmechanicaldisruptionof
cleanedR.ﬁbulataspicules.
The spicules of R. ﬁbulata were treated using enzymes as de-
scribed above, cleaned, dialysed, and cut in 3cm long pieces.
These fragments of clean spicules were placed in deionized
water and disrupted mechanically using glass covered stir-
ring bars (25 ×6mm) and magnet stirrer during 24 hours at
25◦C.Aftercentrifugation(1500×g)for5minutesthedebris
of mechanically disrupted spicules was collected and milky
colour supernatant was carefully decanted. Obtained debris-
freesuspension(Figure 1(b))wasusedforSEMandTEMin-
vestigations.
2.3. FTIRspectroscopy
IR spectra were recorded with a Perkin Elmer FTIR Spec-
trometer Spectrum 2000, equipped with an AutoImage Mi-
croscope using the FT-IRRAS technique (Fourier transform
infrared reﬂection absorption spectroscopy) as described
previously [21].
2.4. Transmissionelectronmicroscopy(TEM)
Conventional transmission electron microscopy [1]w a sp e r -
formed with a Philips CM200 FEG\ST Lorentz electron mi-
croscope at an acceleration voltage of 200kV. For electron
microscopy, a drop of the water suspension containing the
sample was placed on the electron microscopy grid. After
oneminute,theexcesswasremovedusingblottingpaperand
thereafter dried in air. The electron microscopy grids (Plano,
Germany) were covered with a holey carbon ﬁlm.
2.5. Scanningelectronmicroscopy(SEM)analysis
The samples were ﬁxed in a sample holder and covered with
carbon, or with a gold layer for 1 minute using an Edwards
S150B sputter coater. The samples were then placed in an
ESEM XL 30 Philips or LEO DSM 982 Gemini scanning elec-
tron microscope.
2.6. Chitinasedigestionandtest
Dried 20mg samples of puriﬁed sponge spicules, previously
pulverized to a ﬁne powder in an agat mortar, were sus-
pended in 400μL of 0.2M phosphate buﬀer at pH 6.5. Pos-
itive control was prepared by solubilizing 0.3% colloidal
chitin in the same buﬀer. Equal amounts of 1mg/mL of
three chitinases (EC 3.2.1.14 and EC 3.2.1.30): N-acetyl-β-
glucosaminidase from Trichoderma viride (Sigma-Aldrich)
number C-8241, and two poly (1,4-β-[2-acetamido-2-deo-
xy-D-glucoside]) glycanohydrolases from Serratia marces-
cens (Sigma-Aldrich) number. C-7809 and Streptomyces
griseus (Sigma-Aldrich) number. C-6137, respectively, were
suspended in 100mM sodium phosphate buﬀer at pH 6.0.
Digestion was started by mixing 400μL of the samples and
400μL of the chitinase-mix. Incubation was performed at
37◦C and stopped after 114 hours by adding 400μLo f1 %
NaOH, followed by boiling for 5 minutes. The eﬀective-
ness of the enzymatic degradation was monitored using op-
tical microscopy (Zeis, Axiovert). The Morgan-Elson assay
was used to quantify the N-acetylglucosamin released after
chitinase treatment as described previously [22]. The sample
whichcontainschitinasesolutionwithoutsubstratewasused
as a control.
2.7. Preparationofα-chitin
Alpha-chitin was prepared from a commercially available
crab shell chitin (Fluka). The material was puriﬁed with
aqueous 1M HCl for 2 hours at 25◦C and then reﬂuxed in
2M NaOH for 48 hours at 25◦C. The resulting α-chitin was
washed in deionized water by several centrifugations until
neutrality was reached. The whole procedure was repeated
twice. α-chitin was also used as a standard for FTIR and for
Fourier transform (HRTEM) studies.
2.8. Preparationofcolloidalchitin
Ten grams of α-chitin(Fluka)wasmixedwith500mLof85%
phosphoric acid and stirred for 24 hours at 4◦C. The suspen-
sion was poured into 5L of distilled water (DW) and cen-
trifuged (15000×g for 15 minutes). The resulting precipitate
was washed with DW until the pH reached 5.0 and then neu-
tralized by addition of 6N NaOH. The suspension was cen-
trifuged (15000×g for 15 minutes) and washed with 3L of
DW for desalting. The resulting precipitate was suspended in
DW and dialyzed. The chitin content in the suspension was
determined by drying a sample.
2.9. SiliciﬁcationofcolloidalchitinandNAG
In the ﬁrst step, 0.93g of colloidal chitin or NAG (Sigma-
Aldrich, Miss, USA) previously suspended in 34.6g of
methanol was added to 51.8mL of deionized water. The
suspension pH was then raised above 10 with the addition
of 100μL of 1N NaOH solution. Finally, 169μLo ft e t r a m -
ethylorthosilicate(TMOS,99wt%,ABCRGmbH,Germany)
were added and the solution was stirred at room tempera-
ture. After 1 hour the suspension was ﬁltered and the re-
covered precipitate rinsed with deionized water, then with
methanol, and ﬁnally air-dried.
3. RESULTS AND DISCUSSION
Most of the glass sponges inhabit soft muddy substrates. One
of the strategies of survival under such conditions is the for-
mation of root structures that prevent the body of the an-
imal from sinking into the ground [23]. Due to their pre-
ferred deep-sea habitat, the Hexactinellida have been poorly
investigatedwithrespecttotheirgeneralbiology[24,25]and
the nature of organic components which build their skeletal4 Journal of Nanomaterials
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Figure 2: TEM images of silica-organic matrix-based suspension
obtained after mechanical disruption of spicules in deionized water
(a).Crystallitesoforganicnatureareembeddedinamorphoussilica
(b).
structures. It was generally accepted that their skeletons are
composed of concentric layers of amorphous hydrated silica,
containing varying amounts of organic material [26, 27]d e -
posited around a proteinaceous axial ﬁlament [28, 29].
TheﬁndingofcollagenwithinbasalspiculesofH.sieboldi
[12, 16] and chitin in skeletons of F. occa [17] and in spicules
of E. aspergillum [3], stimulated our attempts to ﬁnd materi-
als of organic nature in other species of glass sponges. In the
case of R. ﬁbulata, we have not observed any visible signs of
demineralization of these materials using optical microscopy
and SEM after 14 days and at the similar experimental con-
ditions as in the study on H. sieboldi and Monorhaphis sp.
On the contrary, spicules of R. ﬁbulata show high resistance
to alkali treatment even after 3 months of demineralization.
This was similar the resistance observed for E. aspergillum
[3].Thisphenomenonledustotheassumptionthatsiliceous
skeletons of investigated sponges possess a material which
protects amorphous silica from dissolution in alkali, and is
highlyresistanttoalkalidigestion.Itiswellknownthatchitin
in alkali is stable with respect to degradation [30]. Corre-
spondingly,inourexperiments,chitinwastheﬁrstcandidate
for a biomaterial with this property.
Initially, we performed experiments on mechanical dis-
ruptionofcleanedR.ﬁbulataspicules(Figure 1(a))ind e io n-
ized water as described above. This method of desintegration
of spicules was very eﬀective. Visual observations show that
water solution became of a milky color typical for silica col-
loidal suspensions (Figure 1(b))e v e na f t e r6h o u r s .D e b r i s -
free suspensions obtained in this way were stable during 3-4
days. SEM of the suspensions conﬁrmed their nanoparticu-
lar structure (Figure 1(c)). Silica nanoparticles of diameter
between 20 and 35nm are associated around oriented or-
ganic matrix of nanoﬁbrillar nature as shown in Figure 1(c).
To verify whether this kind of silica-organic matrix obtained
from the colloidal suspension mimic the biosiliciﬁcation, we
carried out in vitro experiments in which we exposed it to
silicic acid solution derived from TMOS. We developed hard
and transparent glassy spheres (Figure 1(d)) which were sta-
ble in water and in air during several months.
TEM investigation of these colloidal suspensions
(Figure 2(a)) used for the development of spherical glassy
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Figure 3: FTIR spectra of organic matrix isolated after desilici-
ﬁcation of R. ﬁbulata spicules show strong evidence for β-1, 4-
glycosodic linkage at 890–896cm−1 and for ether bond in pyranose
ring at 1153–1157cm−1 (arrows).There is no evidence for the pres-
ence of Si–O–Si bonds.
50nm
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Figure 4: High-resolution transmission electron microscopy image
of the fragment of isolated chitin nanoﬁbril (a); the arrows indi-
cate the presence of crystallite-like structures with a diameter which
corresponds to that of chitin crystallites (2nm). AFM micrograph
of chitin nanoﬁbrillar matrix (b).
materials clearly revealed that organic crystallites of approx-
imately 3nm in diameter are embedded in amorphous silica
matrix. Observed HRTEM image (Figure 2(b)) is highly
similar to previously reported HRTEM images of chitin
nanocrystallites of the same diameter [31]. Therefore, in
following experiments it was decided to isolate organic
matrix from silica-containing spicules of R. ﬁbulata using a
desiliciﬁcation procedure based on alkali treatment [16, 17].
To test our hypothesis that alkali-insoluble residues of R.
ﬁbulata spicules are of chitinous nature, we carried out dif-
ferent highly sensitive structural and biochemical analysis as
described below.
FTIRobservationofpuriﬁed,dialysed,anddriedsamples
of the alkali-insoluble organic matrix isolated after deminer-
alization of R. ﬁbulata spicules (Figure 3)c o n ﬁ r m e do c c u r -
rence of pyranose rings and β-1, 4 linkages, with peaks at
1156cm−1 and at 894cm−1 very similar to those of α-chitin.
It was reported previously that the spectral feature between
1153 and 1157cm−1 is mainly associated with an ether bond
in a pyranose ring [32, 33]. The β-linkage was also indicatedHermann Ehrlich et al. 5
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the surface of chitinous nanoﬁbril. Image (d) represents the hypothetic scheme of interaction between silica and poly-N-acetyl glucosamine-
fragment of the chitin nanoﬁbril and formation of the corresponding hydrogen bonds.6 Journal of Nanomaterials
by the infrared absorption, in which a typical peak at 890–
892cm−1 for α-chitin was observed [34, 35].
In recent years, high-resolution electron microscopy has
proved to be an important tool for analysis of the struc-
ture of ﬁbrous crystalline polysaccharides, such as cellulose
and chitin [36–39]. Therefore, the samples of organic ma-
trix used for FTIR were subsequently submitted to HR-TEM
analyses in order to examine the crystalline nature of this
material and the plausible additional occurrence of chitin.
HRTEM and AFM studies (Figures 4(a) and 4(b),r e s p . )o f
theorganicmatrixresidueobtainedafterdemineralizationof
R. ﬁbulata spicules revealed the presence of nanocrystallites
having a diameter of 2nm. These structures were extremely
similar to those previously reported by TEM observations
of chitinous skeletal formations in insects, crustaceans, and
arachnid species [40–42]. For further examination, high-
resolution electron micrographs were taken from particular
sample regions (data not shown).The Fourier transform of
the high-resolution micrograph revealed a spacing of 4.79 ˚ A
(a-axis), 10.2 ˚ A (ﬁber axis), 3.73 ˚ A, and 2.77 ˚ A. Such dis-
tances, corresponded to [(100) (040)], (001), [(130), (050) ],
and [(103), (043) (113)] reﬂections, proving the orthorhom-
bic structure typical for α-chitin, as described in detail by
Carlstr¨ om [34] and Minke and Blackwell [42]. These mea-
surements conﬁrm our earlier observations [17, 21] that
chitin in marine sponges appear to be consistently in the al-
pha modiﬁcation.
To quantify chitin in our samples, we measured the
amount of N-acetyl glucosamine released by chitinases us-
ing a Morgan-Elson colorimetric assay [22], which is the
mostreliablemethodfortheidentiﬁcationofalkali-insoluble
chitinbecauseofitsspeciﬁcity[43].Wedetected19.2±1.5μg
N-acetyl-glucosamine per mg of spicule of R. ﬁbulata.
The ﬁnding of silica-chitin natural composites as the
component of the R. ﬁbulata spicules is in good agreement
with results of in vitro experiments on siliciﬁcation of a β-
chitin-containing cuttlebone-derived organic matrix as re-
ported by Ogasawara et al. [44]. These authors suggest that
silicate ions and silica oligomers preferentially interact with
glycopyranose rings exposed at the β-chitin surface, presum-
ably by polar and H-bonding interactions. We believe that
chitin is acting as an organic template for silica mineraliza-
tion in Rossella species in a very similar fashion as in F. occa
[17]a n dE. aspergillum [3]. On the basis of the results pre-
sented in this work, we propose a model for the nanostruc-
ture of the naturally occurring silica-chitin composite unit,
including interaction between poly-N-acetyl glucosamine-
fragment of the chitin nanoﬁbril and silica nanoparticles,
which can be seen in Figure 5.
Because sponges are often regarded as the most ancient
metazoans (630 to 542 My) [45, 46], the ﬁnding of chitin
within skeletal formations of these organisms is of major sci-
entiﬁcsigniﬁcance,sinceitgivesimportantindicationstothe
basic pattern of the Metazoa. As chitin also serves as a tem-
plate for calcium carbonate deposition in sponges [21], this
suggests that the evolution of mineralized skeletons in early
metazoans share a common origin with respect to chitin as
a uniﬁed template for biomineralization, similar to collagen
as common structural protein in nature [12]. This feature
5mm
2μm2 μm
500nm
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Figure 6: Crystals of N-acetyl glucosamine obtained from solu-
tion (a) could be also visualized using SEM even if being included
into amorphous silica matrix (b). SEM image (d) revealed strong
evidence that oriented crystals of NAG are observed in form of
nanocrystals compactly embedded within this matrix. Light micro-
graph (c) of the silica-NAG spherical composites, which are highly
stable in water-containing solutions.
may be considered a basic metazoan character and thus also
has implications for the question of establishing the mono-
phyletic status of the taxon Metazoa.
A comprehensive understanding of silica-chitin-based
sponge skeletons with respect to chemical composition
and structure may prove to be a novel model for the
biomimetic synthesis also of N-acetyl glucosamine (NAG)
and poly-NAG-based composites analogous to well estab-
lished chitosan-silica hybrid materials [47, 48]w i t hv e r ya t -
tractive bioactive properties for applications in biomedicine.
Itwasreported[49]thatsiliconwasfoundtobeaconstituent
of certain glycosaminoglycans. It was concluded that Si is
present as silanolate, that is, an ether (or ester-like) deriva-
tiveoforthosilicicacid,andthatR1–O–Si–O–R2 bridgesplay
a role in the structural organisation of glycosaminoglycans.
Thus Si may function as a biological cross-linking agent and
contribute to architecture and resilience of connective tissue
[49].
To test our hypothesis that also NAG as monomer unit
of poly-NAG and chitin could be used as substrate for sili-
ciﬁcation, we obtained silica-NAG-based materials in the
form of rods or spheres (Figure 6) using TMOS and sol-
gel techniquesin vitroas described in Section 2. The diame-
ter of these spheres could be varied between 2 and 10mm.
SEM investigations on micro- and nanostructural organiza-
tion of silica-NAG composites revealed strong evidence that
oriented nanocrytals of NAG (Figure 6(a)) could be also ob-
served in form of nanocrystals compactly embedded within
amorphous silica matrix (Figures 6(b) and 6(d)). Proba-
bly this kind of NAG nanodistribution is responsible for
observed high mechanical stability and resistance of these
composite materials to swelling and following dissolution
in water containing solutions (Figure 6(c)). These properties
couldbeprobablyofinterestfortechnicalpurposessimilartoHermann Ehrlich et al. 7
intercalated chitosan/layered silicate nanocomposites pre-
pared to develop robust and stable sensors useful for anionic
detection in aqueous media as reported on [50, 51].
Wesuggestthatsilica-chitin and silica-NAG (-polyNAG)
composites could be highly optimized biocompatible struc-
tures that would support and organize functional tissues if
applied in tissue engineering of bone and cartilage replace-
ments similar to silica-chitosan-based biomaterials [52]. Ex-
periments on biocompatibility of silica-chitin and silica-
NAG composites derived in vitro are currently in progress.
4. CONCLUSION
Chitin and poly-N-acetyl glucosamine are well investigated
materials of biological origin with wide ﬁelds of application
inbiomedicinebecauseoftheiruniquemultifunctionalengi-
neeringmechanicalpropertiesandbiocompatibility[53–56].
Withrespecttopolysaccharides,includingspongechitin,itis
theoretically possible that inorganic Si binds after the macro-
molecular structure has been formed. An alternative, more
plausible from stereochemical considerations [49], would
consist in the incorporation of preformed mono-or disac-
charide Si derivatives during the synthesis of the polysaccha-
ride chain. The ﬁnding of nanostructured silica-chitin bio-
composites as structural scaﬀolds of glass sponge skeletons
introduces a new aspect into the discussion surrounding the
chemistry, diversity, and nanolocalization of these materials.
Chitin as a template for biomineralization probably belongs
to the basic pattern of the Metazoa.
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